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ABSTRACT

Independent Earth orientation measurements taken by the space-geodetic techniques of
lunar and satellite laser ranging, very long baseline interferometry, and the global positioning
system have been combined using a Kalman filter.  The resulting combined Earth orientation series,
SPACE99, consists of values and uncertainties for universal time, polar motion, and their rates that
span from September 28.0, 1976 to January 22.0, 2000 at daily intervals. The space-geodetic
measurements used to generate SPACE99 have then been combined with optical astrometric
measurements to form two additional combined Earth orientation series: (1) COMB99 consisting
of values and uncertainties for universal time, polar motion, and their rates that span from January
20.0, 1962 to January 21.0, 2000 at 5-day intervals, and (2) POLE99 consisting of values and
uncertainties for polar motion and its rate that span from January 20, 1900 to January 21, 2000 at
30.4375-day intervals.
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INTRODUCTION

Reference series of Earth orientation parameters (EOPs) obtained by combining
independent measurements of the Earth's orientation are generated annually at the Jet Propulsion
Laboratory (JPL) in support of tracking and navigation of interplanetary spacecraft. This report
describes the generation of the most recent such combined Earth orientation series: SPACE99,
COMB99, and POLE99.  Since the procedures used to generate these most recent series are similar
to those used to generate previous such combinations, only a brief description of their generation is
given here. Further details about the approach used at JPL to annually combine independent
measurements of the Earth's orientation can be found in Gross (1996, 2000) and Gross et al.
(1998).
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SPACE99

Data Sets Combined to Form SPACE99

SPACE99 is a combination of independent space-geodetic measurements of the Earth's
orientation. Table 1 lists the space-geodetic series used in generating SPACE99, giving their
identifiers, the number of measurements from each series that were actually incorporated into
SPACE99, and the time period spanned by those measurements. Note that the UTCSR satellite
laser ranging (SLR) universal time (UT) values were not used in generating SPACE99 due to
problems associated with separating this component of the Earth's orientation from the effects of
unmodeled forces acting on the satellite that cause the node of its orbit to drift (see Gross et al.
1998, p. 217 for further discussion about this point). Similarly, no global positioning system
(GPS) length-of-day (LOD) values have been used in generating SPACE99.

Since it was desirable to combine only independent measurements of the Earth's
orientation, only those series listed in Table 1 were used, even though other space-geodetic series
are available from other analysis centers. When more than one series determined by the same
measurement technique was used, care was taken to make sure that the measurements themselves
were not included more than once. In particular, measurements from the Scripps GPS series were
used until the start of the JPL GPS series on June 1, 1992; measurements from the JPL series were
used until the start of the International GPS Service (IGS) combined series EOP(IGS) 95 P 01 on
January 1, 1995; measurements from the IGS combined series EOP(IGS) 95 P 01 were used until
the start of the IGS combined series EOP(IGS) 95 P 02 on June 30, 1996; and measurements from
the IGS combined series EOP(IGS) 95 P 02 were used thereafter. Similarly, measurements from
the NOAA IRIS Intensive UT1 series were used until it ended on December 31, 1994, with
measurements from the USNO NEOS Intensive UT1 series used thereafter; and measurements
from the UTCSR SLR series EOP(CSR) 96 L 01 were used until it ended on February 4, 1996,
with measurements from the UTCSR Rapid Service series used thereafter. Furthermore, due to
systematic errors evident in the series of lunar laser ranging (LLR) measurements taken at the
Observatoire de la Côte d’Azur (OCA) station starting in early 1997, only the OCA LLR
measurements through December 17, 1996 were used.

Data Preprocessing and Treatment of Tide-Induced Rotational Variations

The Earth orientation series listed in Table 1 were first preprocessed by removing leap
seconds from the UT1 values and, when necessary, by correcting the UT1 values to be consistent
with the new definition of Greenwich Sidereal Time (GST) as adopted by the International Earth
Rotation Service (IERS; IERS 1997, p. I49). Since most of the series listed in Table 1 were
already consistent with the new definition of GST, this correction needed to be applied to only the
NOAA IRIS Intensive UT1 series.

Rotational variations caused by solid Earth and ocean tides were also removed from the
UT1 values. The effect of the solid Earth tides was removed by using the model of Yoder et al.
(1981), and the model of Kantha et al. (1998) was used to remove the effect upon UT1 of the
ocean tides at the Mf, Mf', and Mm tidal frequencies. Since the Yoder et al. (1981) model already
includes a contribution from the equilibrium ocean tides, just the Kantha et al. (1998) oceanic
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Table 1.  Data Sets Combined to Form SPACE99
_____________________________________________________________________________________________________________________

Data Set  Name Data Type Analysis Center Reference Data Span Number
_____________________________________________________________________________________________________________________

LLR (JPL98M01; VOL, UT0)
McDonald Cluster LLR JPL Williams et al. (1998) Oct. 5, 1976 to Feb. 20, 1998 588
OCA LLR JPL Williams et al. (1998) April 7, 1984 to Dec. 17, 1996 633
Haleakala LLR JPL Williams et al. (1998) Feb. 10, 1985 to Aug. 11, 1990 70

UTCSR (CSR96L01)
Lageos Polar Motion SLR UTCSR Eanes and Watkins (1996) Sep. 28, 1976 to Feb. 4, 1996 2219

UTCSR (CSR95L01)
Rapid Service Polar Motion SLR UTCSR Eanes and Watkins (1995) Feb. 8, 1996 to Jan. 21, 2000 476

DSN (JPL97R01; T, V)
California-Spain Cluster VLBI JPL Steppe et al. (1997) Nov. 26, 1979 to Sep. 28, 1997 697
California-Australia Cluster VLBI JPL Steppe et al. (1997) Oct. 28, 1978 to Sep. 30, 1997 697

NASA/GSFC SGP (GSFC1122)
Multibaseline VLBI GSFC Ma and Gordon (1999) Aug. 4, 1979 to Dec. 1, 1999 2582
Westford-Fort Davis VLBI GSFC Ma and Gordon (1999) June 25, 1981 to Jan. 1, 1984 105
Westford-Mojave VLBI GSFC Ma and Gordon (1999) March 21, 1985 to Aug. 6, 1990 18

NOAA (NOAA95R02)
IRIS Intensive UT1 VLBI NOAA Ray et al. (1995) April 2, 1984 to Dec. 31, 1994 2393

USNO (N9903)
NEOS Intensive UT1 VLBI USNO Eubanks et al. (1999) Jan. 4, 1995 to Jan. 22, 2000 1305

GPS (SIO93P01; Polar motion)
Scripps GPS SIO Bock et al. (1993) Aug. 25, 1991 to May 31, 1992 270

GPS (JPL95P02; Polar motion)
JPL GPS JPL Heflin et al. (1995) June 1, 1992 to Dec. 31, 1994 812

GPS (IGS95P01; Polar motion)
IGS Final Combination (ITRF93) GPS NRCan Kouba and Mireault (1997) Jan. 1, 1995 to June 29, 1996 546

GPS (IGS95P02; Polar motion)
IGS Final Combination (ITRF94) GPS NRCan Kouba (1998) June 30, 1996 to Feb. 28, 1998 606

GPS (IGS95P02; Polar motion)
IGS Final Combination (ITRF96) GPS NRCan, CODE Kouba (1999) March 1, 1998 to July 31, 1999 515

GPS (IGS95P02; Polar motion)
IGS Final Combination (ITRF97) GPS CODE Kouba (1999) Aug. 1, 1999 to Jan. 22, 2000 175

_____________________________________________________________________________________________________________________

LLR, lunar laser ranging; JPL, Jet Propulsion Laboratory; VOL, variation of latitude; OCA, Observatoire de la Côte d’Azur; UTCSR,
University of Texas Center for Space Research; SLR, satellite laser ranging;DSN, Deep Space Network; T, transverse; V, vertical; VLBI, very
long baseline interferometry; NASA, National Aeronautics and Space Administration; GSFC, Goddard Space Flight Center; SGP, Space
Geodesy Program; USNO, United States Naval Observatory; NEOS, National Earth Orientation Service; NOAA, National Oceanic and
Atmospheric Administration; IRIS, International Radio Interferometric Surveying; GPS, Global Positioning System; SIO, Scripps Institution of
Oceanography; IGS, International GPS Service; ITRF, International Terrestrial Reference Frame; NRCan, Natural Resources Canada; CODE,
Center for Orbit Determination in Europe.

corrections to the Yoder et al. (1981) model were actually removed. Also note that the Kantha et
al. (1998) model was used to remove the effect of ocean tides on only UT1, not on polar motion.
Ocean-tide-induced polar motion variations were not removed from any of the polar motion
observations.  Finally, the only Earth orientation series listed in Table 1 that includes the effects of
semidiurnal and diurnal ocean tides on the Earth's orientation is the NOAA IRIS Intensive UT1
series. This series included these effects by adding to the released UT1 values the model of
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Herring (1993; also see Herring and Dong 1994). Hence, the same Herring (1993) model was
used to remove them.

On March 1, 1998 the IGS reference frame changed from the International Terrestrial
Reference Frame ITRF94 to ITRF96, and on August 1, 1999 it changed from ITRF96 to ITRF97.
These changes in reference frames potentially introduce discontinuities in the IGS combined Earth
orientation series EOP(IGS) 95 P 02.  Thus, this series has been split into three separate segments
with bias-rate corrections and uncertainty adjustment factors determined separately for each
segment (see below).

Adjustments Made to Space-Geodetic Series Prior to Combination

Prior to combining the series listed in Table 1 to form SPACE99, series-specific corrections
were applied for bias and rate, the stated uncertainties of the measurements were adjusted by
multiplying them by series-specific scale factors, and outlying data points were deleted. Values for
the bias-rate corrections and uncertainty scale factors were determined by an iterative procedure
wherein each series was compared, in turn, to a combination of all others. In order to minimize
interpolation error (see Gross et al. 1998, pp. 223–225), the comparison of each series to its
reference combination was done at the epochs of the measurements of that series by generating its
reference combination using a Kalman filter that interpolates to (and prints its EOP estimates at) the
exact epochs of those measurements.  Also, both the bias-rate corrections and the uncertainty scale
factors for all components of a given series were determined simultaneously in a multivariate
approach using nonlinear weighted least squares. Using a multivariate approach allows the
correlations between the components to be taken into account when determining the bias-rate
corrections and uncertainty scale factors (see Gross et al. 1998, pp. 225).

All the series listed in Table 1 were included in the iterative procedure. Details of the
iterative procedure, including: (1) the use of a reference series, SPACE98 (Gross 1999), for initial
bias-rate alignment, (2) the analysis of each data type in its own natural reference frame, (3) the
clustering of the McDonald LLR stations and, separately, the DSN VLBI stations in California,
Australia, and Spain, (4) initial convergence on values for the series-specific bias-rate corrections
and uncertainty scale factors prior to the start of outlier detection and deletion, and (5) final
convergence on these values after detecting and deleting all data outliers, are described in Gross
(1996, 2000) and Gross et al. (1998) and will not be repeated here. At the end of the iterative
procedure, relative bias-rate corrections have been determined to make the series agree with each
other in bias and rate, uncertainty scale factors have been determined to make the residual of each
series, when differenced with a combination of all others, have a reduced chi-square near one, and
outlying data points (those whose residual values are greater than four times their adjusted
uncertainties) have been deleted.  A total of 41 data points, or about 0.3% of those combined, were
thus deleted.

Finally, each series was placed within a particular IERS reference frame by applying to it an
additional bias-rate correction that is common to all the series. This additional correction was
determined by first combining all the series (including the USNO multibaseline VLBI series) after
applying to them the relative bias-rate corrections and uncertainty scale factors that had been
determined for them as described above. This intermediate combination was then compared to the
IERS combined Earth orientation series EOP(IERS) C 04 (IERS 1999, pp. 36–37 and p. 155)


